1. Large-scale species occurrence data from geo-referenced observations and collected specimens 11 are crucial for analyses in ecology, evolution and biogeography. Despite the rapidly growing 12 availability of such data, their use in evolutionary analyses is often hampered by tedious manual 13 classification of point occurrences into operational areas, leading to a lack of reproducibility and 14 concerns regarding data quality. 15 2. Here we present speciesgeocodeR, a user-friendly R-package for data cleaning, data exploration 16 and data visualization of species point occurrences using discrete operational areas, and linking them 17 to analyses invoking phylogenetic trees. 18 3. The three core functions of the package are 1) automated and reproducible data cleaning, 2) rapid 19 and reproducible classification of point occurrences into discrete operational areas in an adequate 20 format for subsequent biogeographic analyses, and 3) a comprehensive summary and visualization of 21 species distributions to explore large datasets and ensure data quality. In addition, speciesgeocodeR 22 facilitates the access and analysis of publicly available species occurrence data, widely used 23 operational areas and elevation ranges. Other functionalities include the implementation of 24 minimum occurrence thresholds and the visualization of coexistence patterns and range sizes. 25
Introduction 31
Species distributions and phylogenetic trees constitute core data in biogeography, ecology and 32 evolution. Ancestral range estimation and area-specific diversification rate analyses are two 33 prominent examples (e.g. Meseguer et al., 2014; Antonelli et al., 2015) . Most methods applied in this 34 context depend on the classification of taxonomic occurrences (typically species or populations) into 35 discrete geographic units, such as continents, biomes, mountain ranges, or user-defined operational 36 areas. These methods include, among others, Lagrange (Ree & Smith 2008) , BayesRates (Silvestro et 37 al. 2011 ), GeoSSE/diversitree (Goldberg et al. 2011 FitzJohn 2012) , BAT (Cardoso et al. 2015) and 38 BioGeoBEARS (Matzke 2013). However, detailed information on species distributions is often 39 available as GPS-based point locations, for example from collected specimens or field observations. A 40 "manual" classification of point occurrences into operational areas using expert knowledge or 41 graphical user interfaces, including GIS software, is feasible for small-scale studies. However, it 42 becomes time consuming and error-prone as the number of species and areas increase, or when the 43 spatial resolution for the classification increases (e.g., assigning species to environmentally and 44 topographically complex regions). Manual data curation is particularly impractical for large-scale 45 analyses using data from public sources, such as the Global Biodiversity Information Facility (GBIF, 46 www.gbif.org), ebird (Sullivan et al. 2009) or SUPERSMART (Antonelli et al. 2014) which has led to a 47 discussion on data-quality and reproducibility of large scale studies (e.g. Yang et al., 2013; Hjarding et 48 al., 2014; Maldonado et al., 2015) . 49 50 Here we present speciesgeocodeR, an R package to automatically clean, process and analyse species 51 occurrence data and to code them into discrete areas. The core functionalities of the package are: 1) 52 automated and reproducible data cleaning, 2) the rapid and reproducible classification of point 53 occurrences into discrete operational areas, in an adequate format for subsequent phylogenetic 54 analyses, including widely used nexus files as well as input files for the BioGeoBEARS package 55 (Matzke 2013) and 3) a publication-quality and rich visualization of the results. The package 56 summarizes occurrence and species numbers per area, which allows the rapid exploration of even 57 very large datasets, and provides additional functionalities such as: including elevation ranges and 58 occurrence thresholds in the area classification, automatic downloading of GBIF data and WWF 59 biomes and ecoregions (Olson et al. 2001) , as well as calculating and visualizing coexistence patterns 60 and species ranges. SpeciesgeocodeR is a tool for exploration, visualization and quality control of 61 species distribution. The package is particularly suitable for (but not restricted to) the preparation of 62 input files for use with phylogenetic trees, such as for biogeographic reconstructions or 63 diversification rate analyses. 64
65
Description 66
SpeciesgeocodeR is written for the use in R (R Developement Core Team 2015). It can handle 67 datasets of any size (from a few species to hundreds of thousands), and is particularly user-friendly, 68 also for R-beginners. A comprehensive tutorial ("Data cleaning and exploration with 69 The quality of occurrence data downloaded from public databases has often been debated and, less 87 often, tested (e.g. Yang et al., 2014; Maldonado et al., 2015; Meyer et al., 2015) . With the GeoClean 88 function speciesgeocodeR offers an automated and reproducible flagging of potentially problematic 89 records (see tutorial for code examples). The function includes basic tests for coordinate validity (e.g. 90 invalid coordinates, zero coordinates, equal latitude and longitude) and more complex tests 91 accounting for common problems in large datasets (e.g. if occurrences fall within the right country 92 borders, if occurrences have been assigned to the country centroid or country capital or to the GBIF 93 headquarters). Depending on the "verbose" argument (determining the amount of output 94 information), the result can be a single vector summarizing the results of all tests, or a "data.frame" 95 table with results of each individual test. Figure 1A shows the results of automated cleaning of the 96 example dataset. Of 627 records, 224 were flagged as problematic (red and blue on the map) and 97 excluded from subsequent analyses. 98
OCCURRENCE CLASSIFICATION 99
The core function of the package, SpGeoCod, classifies species occurrences into operational areas 100 and calculates summary tables. The standards input are sets of (1) species occurrence points and (2) 101 geographical areas (polygons). Both can be provided as R objects of the classes "data.frame" and 102 "SpatialPolygons", or as tab delimited .txt and .shp files in the working directory. Alternatively, a 103 vector of species names can be used as occurrence data. In this case the occurrences will be 104 downloaded from GBIF. In a similar manner, the WWF ecoregion and biomes (Olson et al. 2001) can 105 be directly included as areas via the WwfLoad function. SpGeoCod offers a set of options to 106 customize the area classification. For example, it is possible to condition the presence of a species in 107 a given area on a minimum number of occurrences (as percentage of total species occurrences), or to 108 include user-defined elevation zones into the classification. If desired, the entire analysis can be run 109 with a single line of code after the data is uploaded: 110
The results of SpGeoCod are saved in an object of the S3 class "spgeoOUT", which can be explored 114 using plot or summary methods. The WriteOut function exports the area classification in nexus 115 format for the direct use with phylogenetic software or as a text file in the adequate format for the 116 BioGeoBEARS package. Additionally the function can create a set of graphics and maps ( Fig 1A-I) in 117 pdf format, and summary tables in text format. As part of the typical output, figure 1B shows an 118 overview map of all lemur occurrences in broadleaved tropical forests (the most species rich biome 119 in Madagascar) and figure 1C shows the occurrence number per species in this biome. Similar 120 statistics and maps are automatically created for each area and each species, and could e.g. be 121
included as supplemental files in publications. 122
DATA EXPLORATION 123
SpeciesgeocodeR includes multiple additional functions to explore the data based on the structure of 124 the "spgeoOUT" class (see function help files for details on calculations). Species numbers in each 125 area can be visualized using MapRichness (Fig 1D) . Grids with species and occurrence numbers can 126 be calculated using RichnessGrid and visualized using MapGrid (Fig. 1E ). Species ranges and range 127 sizes given the occurrence points can be calculated using CalcRange and visualized using PlotHull (Fig.  128 1F, mean range size per lemur species = 56,000 km 2 , median = 12,000 km 2 ). As for Madagascan 129 lemurs, occurrence data is often scarce and gridded diversity maps can be strongly influenced by 130 sampling patterns ( Fig 1E) . To circumvent this problem RangeRichness can create richness maps 131 based on the species ranges ( Fig 1G) . A coexistence matrix of the species in the given polygons can 132 be calculated using CoExClass and visualized as a heat plot using plot ( Fig 1H) . Figure 1I 
